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The experience of pairing visual stimuli with delayed reward clearly alters the responses of V1 neurons to these visual cues while animals are performing the task. We next asked whether reward-timing activity would continue to be evoked by the same visual cues when the animals were not performing the task. After Bwithin-task[ recording sessions, access to the nose-poke/lick tube was obstructed, and the left and right eyes were stimulated pseudorandomly on a fixed 6-s interval until 180 presentations were reached for each stimulus, constituting Boutside-task[ sessions. By recording from the same neurons on a given day, we found that, of neurons expressing reward-timing activity within the task (47 out of 93; 51%), 66% (31 out of 47) continued to express apparent reward-timing activity to the visual stimuli when presented outside of the task (Fig. 4A ). For these neurons, the accuracy with which they continued to Bpredict[ the short and long reward times could be compared with their performance inside the task (Fig. 4B) . Although neural timing of reward outside the task was degraded, left eye-and right eye-dominated neurons continued to have mean NRMs that were significantly different from each other (P G 0.05), relating to the appropriate reward times. This result indicates that pairing visual cues to delayed rewards within the task creates a lasting alteration in the manner in which the visual cortex responds to those cues when observed in other contexts. We hasten to add, however, that, although our data show that V1 responses evolve to accurately predict reward timing, further study is required to assess whether and how such information is used by the animal to guide behavior.
Such timing activity has been reported previously in higher cortical areas (20) (21) (22) and in associated subcortical structures (23) (24) (25) , but never before in primary sensory cortex. The current findings imply that V1 neurons, at least in rats, do not function as simple feature detectors (26) . Because reward-timing activity can persist long after the visual stimulus has disappeared, it no longer faithfully reports retinal illumination, but rather what retinal illumination portends. As reward timing is shown to be eye-specific, activating different subpopulations of neurons, general brain arousal/attention cannot explain this activity. Further, because these altered responses persist outside the task, emergent reward-timing activity can be independent of both context and behavior.
The mechanism for this remarkable plasticity in V1 remains to be determined. Subthreshold responses to stimulation of visual cortex, likely reflecting weak recurrent connections, can persist for seconds (27) . Our findings could be explained if a modulatory input that signifies delivery of reward (possibly dopamine) causes a persistent potentiation or unmasking of recently active connections. During development, cells monitor and adjust their rates of accumulation to produce organs of predetermined size. We show here that central nervous system-specific deletion of the essential adherens junction gene, aE-catenin, causes abnormal activation of the hedgehog pathway, resulting in shortening of the cell cycle, decreased apoptosis, and cortical hyperplasia. We propose that aE-catenin connects cell-density-dependent adherens junctions with the developmental hedgehog pathway and that this connection may provide a negative feedback loop controlling the size of developing cerebral cortex.
D uring brain development, proliferation of neural progenitor cells is tightly controlled to produce the organ of predetermined size. We hypothesized that cell-cell adhesion structures may be involved in this function, because they can provide cells with information concerning the density of their cellular neighborhood. Intercellular adhesion in neural progenitors is mediated primarily by adherens junctions, which contain cadherins, b-catenins and a-catenins (1). We found that progenitors express aE (epithelial)-catenin, while differentiated neurons express aN (neural)-catenin (fig. S1, A to D). Because a-catenin is critical for the formation of adherens junctions (2, 3), we decided to determine the role of these adhesion structures in neural progenitor cells by generating mice with central nervous system (CNS)-specific deletion of aE-catenin. Mice with a conditional aE-catenin allele (aE-catenin loxP/loxP ) (4) were crossed with mice carrying nestin-promoterdriven Cre recombinase (Nestin-Cre þ/j ), which is expressed in CNS stem/neural progenitors starting at embryonic day 10.5 (E10.5) ( fig. S1E) (5) . The resulting aE-catenin loxP/loxP /Nestin-Cre þ/j animals displayed loss of aE-catenin in neural progenitor cells ( fig. S1F ).
Although no phenotype was observed in heterozygous aE-catenin loxP/þ /Nestin-Cre þ/j mice, the knockout aE-catenin loxP/loxP /Nestin-Cre þ/j mice were born with bodies similar to their littermates, but with enlarged heads ( fig. S2A ). After birth, the heads of these animals continued to grow, but their bodies were developmentally retarded, generating abnormal large-headed pups that failed to thrive and died between 2 and 3 weeks of age ( fig. S2B ). Counting brain cell numbers at different points of embryonic development revealed massive hyperplasia in the mutant brains, with twice as many total brain cells by the time of birth (fig .  S2C ). Although no differences were found at E12.5, mutant brains displayed a 40% increase in total cell numbers only 1 day later at E13.5. In addition to an increase in brain cell numbers, the mutant animals displayed increases in brain weights and brain-to-body-weight ratios (fig. S2, D and E). Histologic analysis of aE-catenin loxP/loxP /Nestin-Cre þ/j animals revealed severe dysplasia and hyperplasia in the mutant brains (Fig. 1) . aE-catenin j/j ventricular zone cells were dispersed throughout the developing brains, forming invasive tumorlike masses that displayed widespread pseudopalisading and the formation of rosettes (Fig. 1F ¶) similar to Homer-Wright rosettes in human medulloblastoma, neuroblastoma, retinoblastoma, pineoblastoma, neurocytoma, and pineocytoma tumors (6) (7) (8) . Although E12.5 aE-catenin j/j cortices already showed some disorganization (Fig. 1B ¶) , the general appearance of the brain was similar between the wildtype and aE-catenin j/j embryos ( Fig. 1 , A and A ¶). In contrast, the E13.5 mutants exhibited a prominent increase in the thickness and size of the cerebral cortex (Fig. 1, C and C ¶). Massive expansion of dysplastic cortical progenitor cells continued later in development, causing a posterior and ventral shift in localization of the lateral ventricle (Fig. 1, D to E ¶, and fig. S3 ).
We next analyzed the mechanisms responsible for dysplasia in aE-catenin j/j brains. Ventricular zone progenitors are bipolar, with one extension reaching the ventricular surface and another process reaching in the opposite direction ( fig. S4A ). These cells form a prominent cell-cell adhesion structure at the ventricular interface called an apical-junctional complex. Staining with cell adhesion and cell polarity markers showed disruption of apicaljunctional complexes and loss of cell polarity in aE-catenin j/j neural progenitor cells (Fig.  2 and fig. S4 ). Electron microscopic analyses of aE-catenin j/j brains revealed progenitors that were nonpolarized, round, and loosely connected to each other and that lacked apical-junctional complexes (Fig. 2, G and  H) . Perhaps because of residual amounts of aN-catenin present in the progenitor cells, small fragments of aE-catenin j/j neuroepithelium were still capable of maintaining cell polarity, but they were often engulfed by protruding nonpolarized cells, folded back on themselves, and internalized to form rosettes (Fig. 2, D to F and I, and fig. S4, B and D). We concluded that loss of apicaljunctional complexes and subsequent loss of cell polarity may represent the mechanism responsible for dysplasia in aE-catenin j/j brains.
We next analyzed the mechanisms responsible for hyperplasia in aE-catenin j/j brains. Failure of cell cycle withdrawal is responsible for hyperplasia in brains with hyperactive 
cell cycle 24 hours after labeling with 5-bromo-2 ¶-deoxyuridine (BrdU) (Fig. 3, B and B ¶). We concentrated on E13.5 mutants, because we observed the most rapid increase in total brain cell numbers during the E12.5 to E13.5 interval of development. We found no significant differences in cell cycle withdrawal between the wild-type and mutant cells (Fig. 3C) . To determine whether differentiation was affected in aE-catenin j/j brains, we used antibodies to b-tubulin III and nestinneuronal and progenitor cell markers, respectively ( fig. S5, A to B ¶) . Although there were no differences in appearance of E12.5 wildtype and mutant cortices ( fig. S5, A and A ¶) , E13.5 aE-catenin j/j cortices were disorganized and thickened, with neurons present not only in the cortical plate but also elsewhere throughout the cortex ( fig. S5, B and B ¶). Nevertheless, the overall ratio between differentiated and nondifferentiated cells remained unchanged (fig. S5C) . Moreover, Western blot analyses of total brain proteins with cell type-specific antibodies did not reveal consistent differences between the wildtype and aE-catenin j/j brains ( fig. S5D ). In addition, we found no differences between the wild-type and aE-catenin j/j brains in the position and numbers of Cajal-Retzius neurons located at the surface of cerebral cortex ( fig. S6) . We concluded that, despite the loss of progenitor cell polarity, the general program governing differentiation is not affected in aE-catenin j/j brains.
To analyze whether loss of aE-catenin led to changes in proliferation, we studied neural progenitor cell cycle length and number of cells in mitosis. To measure cell cycle length, we counted the proportion of neural progenitor cells labeled by a pulse of BrdU (9) (Fig. 3, D to E ¶). We found significant shortening of the cell cycle in E13.5 aE-catenin j/j progenitor cells (Fig. 3F ). In addition, E13.5 mutant brains displayed a 40% increase in the number of mitotic cells (Fig. 3, G to I) .
Apoptosis is also critical for regulation of total cell numbers in the developing brain (10) . Counting of apoptotic cells revealed that apoptosis decreased by one-half in the aEcatenin j/j cortices (Fig. 3, J to L) . We concluded that hyperplasia in the aE-catenin j/j brains was a combined outcome of the shortening of the cell cycle and the decreased apoptosis in neural progenitor cells.
To determine the molecular mechanisms responsible for hyperplasia in aE-catenin j/j brains, we used a microarray approach. Surprisingly, a genomewide analysis revealed few changes in gene expression (Table 1) Table 1 . Differentially expressed genes in E12.5 aE-catenin j/j brains. RNAs from aE-catenin LoxP/þ /Nestin-Cre þ/j and aE-catenin LoxP/LoxP /Nestin-Cre þ/j brains were analyzed by Affymetrix expression arrays. Relative fold change is calculated with respect to heterozygous brains. Bayes.p is the P value obtained using the CyberT Bayesian statistical framework. with only five transcripts up-regulated and three down-regulated in aE-catenin j/j brains. Interestingly, the two most up-regulated cDNAs, Fgf15 and Gli1, represent well-known endogenous transcriptional targets of the hedgehog (Hh) pathway (11, 12) . We performed quantitative reverse transcription polymerase chain reaction (PCR) analysis of critical members and targets of the Hh pathway: smoothened (Smo), patched1 (Ptch), sonic hedgehog (Shh), indian hedgehog (Ihh), desert hedgehog (Dhh), Rab23, Gli1, Gli2, Gli3, and Fgf15. We found that the expression of Gli1, Fgf15, and Smo was significantly upregulated in aE-catenin j/j brains (Fig. 4A) .
To determine the compartment of the developing brain displaying up-regulation of Hh signaling, we performed in situ hybridizations with Gli1, Fgf15, and Smo probes (Fig. 4 , B to D ¶). We found that Gli1 and Fgf15 transcripts are up-regulated in the progenitor cell domain of aE-catenin j/j cerebral cortex, the area most severely affected by hyperplasia in aEcatenin j/j brains (Fig. 1C ¶) . Up-regulation of endogenous targets of the Hh signaling pathway suggests activation of this pathway in developing cortices of the aEcatenin loxP/loxP /Nestin-Cre þ/j mice. Although the exact mechanism responsible for aEcatenin-mediated regulation of Gli1 and Fgf15 is presently unknown, an increase in expression of the activator of the Hh signaling Smo is likely to play a causal role in abnormal activation of the Hh pathway in aE-catenin j/j brains. Indeed, Smo up-regulation is responsible for activation of Hh signaling in cancer cell lines, and it may be a focal point of regulation of the pathway in tissue regeneration and cancer (13) .
The Hh pathway plays a critical role in mammalian CNS development and brain cancer (14) . Sonic hedgehog stimulates proliferation of progenitor cells in the developing cerebral cortex (15, 16) . In addition, Hh signaling promotes survival and blocks apoptosis of neuroepithelial cells (17) . Therefore, abnormal activation of the Hh pathway may be responsible for cortical hyperplasia in aEcatenin j/j brains. To determine whether this is indeed the case, we used cyclopamine, a specific inhibitor of Smoothened (18) , which can block the Hh pathway in vivo (19) . We found that a single injection of cyclopamine at E12.5 (immediately before the onset of hyperplasia) did not interfere with depletion of aE-catenin ( fig. S7 ) but eliminated the differences in total cell numbers between the E13.75 wild-type and aE-catenin j/j brains (Fig. 4E) . Injections of decreasing amounts of cyclopamine produced intermediate phenotypes demonstrating dose dependence between the inhibitor and hyperplasia ( fig. S8 ). As expected, inhibition of Hh did not rescue cortical disorganization, which results from the disruption of adherens junctions in aEcatenin j/j brains ( fig. S9) . Analyses of the cell cycle length and apoptosis showed rescue of the cell cycle and apoptosis abnormalities in cyclopamine-treated aE-catenin j/j brains ( Fig. 4E and fig. S9 , C to H ¶). As expected, cyclopamine injection led to a decrease in expression of the Hh pathway transcriptional targets Gli1 and Fgf15 ( fig. S10 ). We concluded that abnormal activation of the Hh pathway was responsible for shortening of the cell cycle, decreased apoptosis, and subsequent hyperplasia in aE-catenin j/j cerebral cortices.
Our findings allow us to propose a model of a negative feedback loop that regulates the rates of cell proliferation to control the size of the cerebral cortex ( fig. S11 ). In this Bcrowd control[ model, the increase in cell density, which is sensed by an increase in the per cell area occupied by adherens junctions ( fig. S11A) , is translated into down-regulation of Hh signaling and subsequent decrease in cell proliferation ( fig. S11B ). The abnormal decrease in cell density, which is measured by destabilization and paucity of adherens junctions, is translated into activation of the Hh pathway and subsequent acceleration of cell proliferation until the normal cell density is achieved. Therefore, the density of cellular crowding ultimately regulates the rates of cell accumulation during normal development. Solid tumors may escape Bcrowd control[ of cell proliferation by destabilizing the adherens junctions, one of the frequent events reported in human cancers (20) . (E) Inhibition of the Hh pathway by cyclopamine eliminates the differences in total cell numbers, cell cycle length, and apoptosis between the wild-type and aE-catenin j/j brains. Pregnant females were injected with 10 mg of cyclopamine per kg of body weight in 2-hydropropyl-bcyclodextrin (vehicle) or vehicle alone at E12.5, and embryos were analyzed 30 hours later. Quantitation was performed as described in Fig. 3 and fig. S2 . Data represent mean T SD. n Q 3; *P G 0.001.
